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Abstract
The magnetic state of the single-component molecular compound, [Cu(tmdt)2], is investigated
by means of 1H-NMR. An abrupt spectral broadening below 13 K and a sharp peak in nuclear
spin-lattice relaxation rate, T−11 , at 13 K are observed as clear manifestations of a second-order
antiferromagnetic transition, which is consistent with the previously reported magnetic suscepti-
bility and EPR measurement. The ordered moment is estimated at 0.22− 0.45 µB/molecule. The
temperature-dependence of T−11 above the transition temperature indicates one-dimensional spin
dynamics and supports that the spins are on the central part of the molecule differently from other
isostructural compounds.
PACS numbers: 76.60.-k, 71.20.Rv, 75.50.Xx
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I. INTRODUCTION
Most of molecular conductors are charge transfer salts composed of donor and acceptor
molecules, either or both of which are responsible for electric conduction and magnetism.
The conduction band is constructed by either HOMO (highest occupied molecular orbital)
or LUMO (lowest unoccupied molecular orbital) without mixture because their large energy
separation. However, single-component molecular conductors, [M(tmdt)2],
1 are pointed out
to have quasi-degenerate molecular orbitals by the first-principles band calculations,2 where
M and tmdt stand for a metallic ion and trimethylenetetrathiafulvalenedithiolate, respec-
tively. The frontier molecular orbitals are composed of the pi-type orbitals extending over
the tmdt ligands (symmetric and asymmetric ppi orbitals) and the σ-type orbital localized
around the metal d orbital (dpσ orbital). Their energy separation depends on the metallic
ions, M; that is, the hybridization of ppi and d orbitals is varied by the energy level of d orbital
in M relative to the level of ppi orbital. Among various isostructural compounds [M(tmdt)2],
the ppi and dpσ orbitals are energetically closer in M = Au and Cu compounds than the
others such as [Ni(tmdt)2],
2,3 where only the ppi orbitals in tmdt construct the conduction
bands with three-dimensional Fermi surfaces confirmed by de Haas-van Alphen oscillation.4
The orbital degeneracy is possibly responsible for the unique magnetic properties of M =
Au and Cu compounds as follows.
[Au(tmdt)2] undergoes an antiferromagnetic phase transition at TN= 110 K, as evidenced
by susceptibility and NMR measurements,5,6 in spite of the metallic behavior in resistivity
down to low temperatures. The first-principles calculation suggests a possible Fermi-surface
instability into a spin-density-wave (SDW) in the tmdt conduction band formed by the asym-
metric ppi orbital and predicts an antiferromagnetic spin configuration between two tmdt
ligands within a molecule.2 However, this SDW scenario has some difficulties in explaining
experimental facts. For example, there is no change in resistivity around the antiferromag-
netic transition. In addition, assuming that the SDW moment is on the tmdt ligand, the
analysis of NMR spectra yields a sizable antiferromagnetic moment of 0.7− 1.2 µB/tmdt,6
which is considerably larger than the value, 0.08 µB/tmdt, predicted in the SDW scenario.
2
This disagreement seems to require reconsideration for the electronic state in [Au(tmdt)2],
taking the multi-orbital character into account.
Meanwhile, the recently synthesized [Cu(tmdt)2] is found to have a new aspect in this fam-
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ily of single-component molecular conductors.7 According to the first-principles calculations,
the Fermi level is in the conduction band formed by the dpσ orbital. However, the conduc-
tivity is semiconductive down to low temperatures and the magnetic susceptibility exhibits
the Bonner-Fisher type temperature dependence with the exchange interaction J of 169 K.7
The dpσ orbital of [Cu(tmdt)2], localized around the central Cu ion coordinated by four S
atoms, is in contrast to the ppi orbital extended over the tmdt ligands, and therefore the
on-site Coulomb energy should be more enhanced in [Cu(tmdt)2] than the other [M(tmdt)2]
salts with the ppi orbital conduction-bands. Thus, the insulating state in [Cu(tmdt)2] is
reasonably attributed to strong electron correlations. The intermolecular overlap integral of
the dpσ orbital along a axis is one order of magnitude larger than those in the other two
directions.7 Thus, if spins are on the dpσ orbital, they should form quasi-one-dimensional
S = 1/2 antiferromagnetic Heisenberg chains. A characteristic field-dependence of magnetic
susceptibility and a sudden decrease in EPR signal intensity suggest an antiferromagnetic
phase transition at 12− 13 K.7
To characterize the magnetic state of [Cu(tmdt)2] from the microscopic point of view,
we have carried out NMR measurements at 1H sites in the planar Cu(tmdt)2 molecule
shown in Fig. 1. Here, we report on NMR evidence for a second-order transition to an
antiferromagnetic state at 13 K with a moment of 0.22−0.45 µB/molecule and spin dynamics
suggesting the one-dimensional Heisenberg nature, which is consistent with the picture that
the spins are on the dpσ orbital in [Cu(tmdt)2].
II. EXPERIMENTAL
1H-NMR measurements were performed for poly crystals of [Cu(tmdt)2]. NMR spectra
and nuclear spin-lattice relaxation rate, T−11 , were measured under a magnetic field of 3.66
T in a temperature range from room temperature down to 1.9 K. The spectra were obtained
by the fast Fourier transformation of echo signals observed after the so-called solid-echo
pulse sequence, (pi/2)x − (pi/2)y.8 The typical pulse width was 1.2 µs. The spectra were
much broadened below 13 K, where we set the pulse width less than 1.0 µs in order to cover
the whole spectral frequency. By examining the spectra with varying the radio frequency
under the fixed magnetic field, we confirmed that the present pulse condition is sufficient
for getting the whole spectra properly even below 13 K. T−11 is obtained by the standard
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saturation-recovery method. The relaxation curves of nuclear magnetization deviated from
the single exponential function by the reasons described later; so we define T−11 by fitting
them to the so-called stretched-exponential function, M(∞) −M(t)∝ exp[−(t/T1)β] in the
whole temperature region.
III. RESULTS AND DISCUSSIONS
The 1H-NMR spectra are shown in Fig. 2. The spectral width characterized by the
square root of second moment is about 17 kHz at room temperature (see Fig. 3), which
is reasonably explained by nuclear-dipole interactions in a trimethylene group. Because of
the small hyperfine coupling with conduction electrons, the Knight shift at proton sites is
too small to be resolved, which explains why the spectral position is not changed against
temperature variation, while the susceptibility shows clear temperature dependence.7 On
the other hand, the spectra are broadened below 13 K and extended over a frequency range
of as large as ±700 kHz at 1.9 K. As shown in Fig. 3, the square root of the second moment
exhibits an abrupt but continuous increase below 13 K, indicating an appearance of internal
fields due to a magnetic order. The nuclear spin-lattice relaxation rate T−11 has a sharp
peak, indicative of critical slowing down toward a spin ordering at the same temperature as
shown in Fig. 5. These two features provide clear microscopic evidences for a second-order
antiferromagnetic transition at TN= 13 K.
According to molecular-orbital calculations,7 dpσ orbital is localized around the central
Cu ion and the surrounding four S atoms. The tmdt ligand contains six protons available
for NMR. The dipolar fields at each proton sites are estimated, assuming that S = 1/2 spins
are located at the central part of the molecule. Since the tmdt ligand has an elongated
structure, the distance of the proton sites from Cu within a Cu(tmdt)2 molecule is about
11.5− 13.3 A˚. It is much longer than the distance from Cu in the adjacent molecules in the
crystal, which are about 2.7− 4.9 A˚ at minimum. Since the dipolar field is proportional to
∼1/r3, where r is a distance between a proton and Cu atom, the main contribution to the
local field at the proton sites is from the dpσ spins in the six nearest-neighbor molecules
[see Figs. 4(a) and 4(b)]. In what follows, we estimate the antiferromagnetic moment from
the observed spectra, using the atomic parameters obtained by x-ray diffraction study.9
As the dpσ spins form a quasi-one-dimensional antiferromagnetic chain along a axis, we
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assume an antiferromagnetic spin configuration in this direction as indicated by red lines in
Figs. 4(a) and 4(b). With respect to the inter-chain coupling along b axis, ferromagnetic or
antiferromagnetic coupling is conceivable as shown in Fig. 4(a) and 4(b), respectively. Note
that the spin arrangements along c axis make no difference in the estimation of the local field
at the proton sites. Assuming that a moment of 1 µB is located on Cu site, we calculated
the dipole fields from six Cu spins, illustrated by arrows in Figs. 4(a) and 4(b), and then
summed them up to get the total local field at each proton site. In the present experiment
with a powdered sample, the direction of the external magnetic field against crystal axes is
different from grain to grain in the sample. In addition, the present field of 3.66 T is higher
than the spin-flop field but the easy-axis is unknown.5 Taking these into consideration,
we set the moment direction arbitrarily with keeping the spin configuration as mentioned
above, and calculated the component perpendicular to the local moment aligned normal to
the external field due to the spin flop. Note that NMR line measures local field parallel to
the external field and perpendicular to the antiferromagnetic moment. The calculation was
performed for all the moment direction at the six proton sites. Because the distance and
direction from the nearest Cu spin are dependent on the proton sites in a tmdt, the local
field is quite different from proton site to site. However, what we need for the estimation of
an antiferromagnetic moment is only the maximum value of the local field in six protons,
which corresponds to the spectral edge. As an example, the calculated dipole field at one
proton site is shown in Figs. 4(c) and 4(d), for the spin configuration patterns (a) and (b),
respectively. The maximum value is about 680 G in pattern (a) and 740 G in pattern (b).
The observed spectral edge of 700 kHz at 1.9 K, which is equivalent to 160 G in local field,
points to the local moments of 0.24 µB/molecule and 0.22 µB/molecule respectively. We also
performed the similar calculations, assuming that spins are distributed only on four S atoms
around Cu ions, which gave, as the maximum value of the local field, 420 G in pattern (a)
and 360 G in pattern (b). These values correspond to the local moments of 0.40 µB/molecule
and 0.45 µB/molecule respectively. Because the real dpσ orbital spreads over Cu and S ions,
the antiferromagnetic moment of [Cu(tmdt)2] should be in between the estimates in the
two extreme cases; namely, 0.22 − 0.45 µB/ molecule. The value, much smaller than the
classical moment of 1 µB, is understood as the spin contraction due to enhanced quantum
fluctuations in low dimensions.
The fitting exponent β for the nuclear relaxation curve, which measures spatial distribu-
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tion of T−11 , is shown in the inset of Fig. 5. β is almost constant, around 0.9, for a wide
temperature range from room temperature down to TN. The six protons in a molecule have
different hyperfine coupling tensors against the external magnetic field, and the field is di-
rected randomly against microcrystal axes in a powdered sample. This explains the small
but finite deviation of β from unity even above TN. A sudden decrease in β below 13 K is a
clear signature of additional inhomogeneous local field generated by the magnetic ordering.
The nuclear spin-lattice relaxation rate, T−11 , above TN gives information on the spin
dynamics. The room temperature value is 11 − 13 s−1, which is four times larger than
the value of the analogous single-component molecular conductor [Au(tmdt)2] exhibiting
a magnetic transition at 110 K. The [Au(tmdt)2] salt remains metallic even below TN; so
the origin of the magnetic phase transition has been argued in the context of the imperfect
nesting of Fermi surfaces, which is suggested by band-structure calculations.2 The T−11 is
proportional to the square of fluctuations of local magnetic fields at nuclear sites. As the spin
fluctuations in localized-spin systems are in general more enhanced than in the degenerate
metallic state, it is reasonable that T−11 of [Cu(tmdt)2] is larger than that of [Au(tmdt)2].
In the limit of T >> J/kB (kB : Boltzmann constant),
10 T−11 of a powdered sample with
localized spins is given as
T−11 =
√
8pig2γ2N
3ωe
S(S + 1)
∑
i
B2i , (1)
where
ω2e =
8zJ2S(S + 1)
3~2
.
Here g is electron g-factor, γN is the gyromagnetic ratio of the
1H nuclei, J is the exchange
interaction between spins of S, z is the coordination number, and B2i is the solid-angle
average of the dipole hyperfine coupling constant between the 1H nuclear spin and the Cu
spin labeled by i(i = 1 − 6). If the dpσ spins are solely on the Cu ions, Bi is given as
Bi =µB/r
3
i , where µB is Bohr magneton and ri is a distance between proton and the i-th Cu
spin. At a given proton site, dipole fields from the six nearest Cu spins are calculated and
then the squared value, B2i are summed up with respect to i. The measured relaxation rate
is the averaged value over the six proton sites, <T−11 >. (Note that the relaxation rate from
different Cu spins should be summed up at a given proton site whereas the relaxation rates
at different proton sites should be averaged.) The substitution of the values of <
∑
iB
2
i >=
7.5×104 (Oe/µB)2, g = 2.048, J = 169 K and z = 2 into Eq. (1) yields <T−11 > of 6.4 s−1.
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If the spins are on four S atoms around Cu, <
∑
iB
2
i > is estimated at 2.0×104 (Oe/µB)2,
which yields T−11 of 1.7 s
−1. In reality, the dpσ spins are distributed on Cu and S atoms
and therefore the high-temperature limit of <T−11 > is expected to be in between them.
This value gives a reasonable explanation to the experimental value of 12 s−1, considering
an ambiguity in estimating Bi and averaging the calculated values over the non-equivalent
proton sites, and a possible contribution to <T−11 > from the isotropic hyperfine coupling
through the bonding electrons within a molecule.
The T−11 is a measure of the dynamic part of spin susceptibility and its temperature
dependence is often useful to know the nature of the spin system in question. Generally,
low-dimensional spin systems do not show a magnetic ordering even at T∼J/kB. The transi-
tion, if any, occurs at a lower temperature far below J/kB as in the present case. [Cu(tmdt)2]
is regarded as a quasi-one-dimensional spin system with J of 169 K. In the just vicinity of
TN of 13 K, T
−1
1 shows a steep variation due to the critical fluctuations; however, the tem-
perature dependence is featured by the temperature-insensitivity for 20 K< T <40 K, and
a crossover to a temperature-linear variation for 60 K< T <160 K (Fig. 5). This behavior
is consistent with the scaling theory for the S = 1/2 Heisenberg chains model.11 It predicts
that the staggered susceptibility, which gives a constant T−11 , dominates the low-temperature
behavior at T << J/kB whereas at higher temperature (but below J/kB), T
−1
1 is dominated
by uniform susceptibility, leading to temperature-linear behavior. Quantum Monte Carlo
calculations also suggest the characteristic crossover between the two behaviors (Fig. 3
in Ref. 12). The predicted low-temperature regime is seen in the temperature-insensitive
Cu-NMR T−11 in a conventional one-dimensional system Sr2CuO3 with J = 2200±200 K
and TN= 5 K,
13,14 and the overall crossover behavior is seen in 31P-NMR T−11 of another
one-dimensional spin system BaCuP2O7 with J = 108±3 K and TN= 0.85 K;15 that is, T−11
is nearly temperature-independent below kBT/J∼0.12 and linear with temperature above
the temperature quite similar to the present results. According to Ref. 12, the crossover
temperature depends on the non-locality of the form factor in the hyperfine coupling con-
stant. Anyway, the data in Fig. 5 corroborate that the spins form a one-dimensional system
as suggested earlier.
As described in Introduction, molecular orbital calculations indicate that the ppi and
dpσ orbitals are energetically close in the present system. This reserves another possibility
that the localized spins are on the ppi orbital. In what follows, we argue this case. In an
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isolated Cu(tmdt)2 molecule, the (symmetric or asymmetric) ppi orbital is constructed with
a weak coupling (bonding or anti-bonding) of the two tmdt ppi orbitals on both sides of
Cu. In the crystal, the tmdt ppi orbitals have overlapping with those in adjacent molecules
as well. Referring to first-principles calculations and its reduction to tight-biding model
on the isostructural [Au(tmdt)2],
16 the largest inter-molecular transfer integral between the
tmdt ligands is 208 meV, which is four times of the intra-molecular one (54 meV). This
means that an entity to accommodate a spin is the inter-molecular (tmdt)2 instead of the
intra-molecular (tmdt)2. Taking other transfer integrals available in Ref. 16 into account,
the spins on the (tmdt)2 would form an anisotropic three-dimensional lattice with transfer
integrals of 50 meV in ab plane and of its half in c direction. A qualitatively similar situation
is expected in [Cu(tmdt)2]. If spins were in tmdt ligands, one would have three-dimensional
spin dynamics. This consequence is inconsistent with the one-dimensional nature of the spin
dynamics in the present observation.
Therefore, the observed behavior of T−11 gives an experimental support for the picture
that electron spins are on the dpσ orbital in [Cu(tmdt)2].
IV. CONCLUSION
We have performed 1H-NMR experiments for the single-component molecular system,
[Cu(tmdt)2]. The observation of a NMR line broadening and a divergent peak against
temperature provides clear microscopic evidences for an antiferromagnetic transition at 13
K. The analysis of the broadened spectra below the transition temperature gives a moment
of 0.22−0.45 µB/molecule. The temperature dependence of NMR relaxation rate above the
transition temperature points to spin dynamics of one-dimensional nature, which strongly
suggests that spins are on dpσ orbital in [Cu(tmdt)2] unlike other members in the [M(tmdt)2].
This consequence shows a potential richness in electronic phases in [M(tmdt)2].
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FIG. 1: Schematic of [Cu(tmdt)2].
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FIG. 2: Temperature dependence of 1H-NMR spectra of polycrystalline [Cu(tmdt)2].
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FIG. 3: Square root of the second moment as a function of temperature.
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FIG. 4: (Color Online) Two possible antiferromagnetic spin configurations are shown with respect
to the inter-chain coupling along b axis; (a) ferromagnetic and (b) antiferromagnetic coupling.
Antiferromagnetic chains along a axis is indicated by bold solid lines. (c) and (d) show absolute
value of dipole field parallel to the external field at one proton site, for the spin configuration
patterns (a) and (b), respectively. These are the summation of six Cu sites, illustrated by arrows
in (a) and (b).
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FIG. 5: (Color Online) Temperature-dependence of T−11 obtained by fitting to stretched-
exponential functions of the relaxation curves. T−11 can be fitted to the linear function of tem-
perature in 60 K< T <160 K (solid line), and temperature-independent function (constant) in 20
K< T <40 K (dashed line). The inset shows temperature-dependence of the exponent β, obtained
as fitting parameters.
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